Protein misfolding is intimately associated with devastating human neurodegenerative diseases, including Alzheimer's, Huntington's, and Parkinson's. Although disparate in their pathophysiology, many of these disorders share a common theme, manifested in the accumulation of insoluble protein aggregates in the brain. Recently, the major disease protein found in the pathological inclusions of two of these diseases, amyotrophic lateral sclerosis (ALS) and frontal temporal lobar degeneration with ubiquitinpositive inclusions (FTLD-U), was identified as the 43-kDa TAR-DNA-binding protein (TDP-43), providing a molecular link between them. TDP-43 is a ubiquitously expressed nuclear protein that undergoes a pathological conversion to an aggregated cytoplasmic localization in affected regions of the nervous system. Whether TDP-43 itself can convey toxicity and whether its abnormal aggregation is a cause or consequence of pathogenesis remain unknown. We report a yeast model to define mechanisms governing TDP-43 subcellular localization and aggregation. Remarkably, this simple model recapitulates several salient features of human TDP-43 proteinopathies, including conversion from nuclear localization to cytoplasmic aggregation. We establish a connection between this aggregation and toxicity. The pathological features of TDP-43 are distinct from those of yeast models of other proteinmisfolding diseases, such as polyglutamine. This suggests that the yeast model reveals specific aspects of the underlying biology of the disease protein rather than general cellular stresses associated with accumulating misfolded proteins. This work provides a mechanistic framework for investigating the toxicity of TDP-43 aggregation relevant to human disease and establishes a manipulable, high-throughput model for discovering potential therapeutic strategies.
P
rotein folding is critically important for life, from microbes to man (1) . Not unexpectedly, problems in protein folding are the root cause of many of the most devastating diseases, challenging public health worldwide. These protein-misfolding disorders include disastrous neurodegenerative diseases such as Alzheimer's, Parkinson's, amyotrophic lateral sclerosis (ALS), and the frontal temporal dementias (2) . Identifying and characterizing the specific disease proteins associated with these disorders may provide insight into disease pathogenesis and aid the development of biomarkers and therapeutic strategies. Indeed, some of the landmark discoveries in neurodegenerative disease research over the last 20 years have been the identification of the misfolded disease proteins in Alzheimer's disease [␤-amyloid and tau (3, 4) ], Parkinson's disease [␣-synuclein (5)], prion diseases [PrP (6) ], and polyglutamine diseases [expanded polyglutamine (7) ]. Underscoring the significance of identifying the misfolded proteins in pathological inclusions, mutations in several of the genes that encode these proteins cause neurodegenerative disease. In some cases, mutations were discovered before the proteinaceous component of the disease inclusion was identified (8) ; in others the identification of the aggregated protein led to the discovery of mutations (9) . Thus, there is strong evidence that proteins identified in a pathological inclusion will be causally linked to disease pathogenesis.
Frontal temporal dementia (FTD) is the second leading cause of dementia in people under the age of 65, exceeded only by Alzheimer's disease (10) and is characterized by severe changes in personality and abnormal social behavior (11) . Notably, motor defects have also been associated with FTD (12) . FTDs comprise a heterogeneous class consisting of several subtypes, based on histopathological characteristics (13, 14) . Some forms lack ubiquitinated inclusions, and others contain tau pathology. But the most common subtype is frontal temporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U). Patients with this subtype contain tau-and ␣-synuclein-negative cytoplasmic inclusions in affected neurons (15) . Interestingly, although ALS is traditionally considered a motor neuron disease, some patients also exhibit symptoms of FTD, and in these cases, the cytoplasmic ubiquitinated inclusions resemble those of FTLD-U (12) . Thus, the clinicopathological features of ALS and FTLD-U raise the possibility of common underlying pathogenic mechanisms.
Recently a molecular connection between FTLD-U and ALS was revealed (16) . Biochemical and immunohistochemical approaches lead to development of monoclonal antibodies against insoluble high-molecular-mass material from FTLD-U patient brains. These antibodies identified the 43-kDa TAR-DNA-binding protein (TDP-43) as the immunogen (17) . TDP-43-specific monoclonal antibodies marked FTLD-U inclusions and detected a TDP-43 biochemical disease ''signature'' specific to FTLD-U and ALS, but not Alzheimer's disease or Parkinson's disease tissue. This signature included proteolytically cleaved, hyperphosphorylated and ubiquitinated C-terminal fragments of TDP-43. Interestingly, although TDP-43 is normally a nuclear protein, pathological inclusions contained predominantly cytoplasmic TDP-43 accumulations, suggesting that altered subcellular localization might be integral to disease pathogenesis. However, whether TDP-43 and the aggregates it forms are causally linked to cytotoxicity in FTLD-U and ALS or simply accumulate as a response to other pathogenic events, is unknown.
TDP-43 is a highly conserved, ubiquitously expressed protein, initially identified by virtue of its ability to bind the HIV-1 TAR DNA element and act as a transcriptional repressor (18) . In addition to a glycine-rich C-terminal region, TDP-43 contains two RNA recognition motifs (RRM1 and RRM2) and is able to bind UG-repeats in RNA (19, 20) . Some reports suggest that TDP-43 might play a role in regulating splicing (21) , whereas others propose that it can act as a kind of bridge for nuclear bodies via an interaction with the survival motor neuron (SMN) protein (22) . It is not known whether loss of one of these functions, or perhaps a novel pathological gain-of-function, contributes to disease. To date, no evidence directly links TDP-43 cytoplasmic accumulations to cellular dysfunction. In fact, it is controversial whether TDP-43 has a role in disease pathogenesis at all (23) .
The baker's yeast, Saccharomyces cerevisiae, is a powerful experimental system for studying complex biological processes. Importantly, most of the key cellular pathways of yeast are very similar to those of mammalian cells, and strains with gain-or loss-of-function mutations in these core pathways are readily available. The yeast genome is well characterized and amenable to genetic manipulation, with methods available to overexpress or knock out every gene. In recent years, yeast cells revealed insights on the basic cellular mechanisms involved in a variety of protein-misfolding diseases, including Parkinson's (24, 25), Huntington's (26-29), Alzheimer's (30) , and Creutzfeldt-Jakob diseases (31) . Thus, the tools are available for yeast cells to serve as a robust system for investigating even complex human diseases such as ALS and FTLD-U (32).
Here, we describe a yeast TDP-43 proteinopathy model to investigate the molecular determinants of TDP-43 aggregation and its cellular consequences. Remarkably, this model recapitulated several key pathological features seen in humans, including nuclear localization, followed by cytoplasmic sequestration. We establish that cellular toxicity is associated with cytoplasmic accumulation of TDP-43 and define specific sequence determinants governing protein localization, aggregation, and toxicity. This model provides the foundation for screens for therapeutic approaches to the human disease.
Results

TDP-43 Expression in Yeast Cells: Nuclear Localization and Cytoplasmic
Aggregation. Cytoplasmic inclusions containing TDP-43 are the hallmark pathological feature of ALS and FTLD-U (17). Normally TDP-43 is a nuclear protein, but unknown factors initiate its sequestration to cytoplasmic accumulations. To determine whether yeast cells might serve as a model for investigating mechanisms of altered TDP-43 localization and its potential pathological consequences, we generated a yeast strain harboring an integrated single copy of human TDP-43 fused to GFP. We placed TDP-43-GFP expression under the control of a tightly regulated galactoseinducible promoter to prevent any potential deleterious effects to the cells during routine passage, and to allow an approximately synchronous induction of TDP-43 expression in all cells in the culture. Cells grown to log phase in raffinose medium (noninducing) were transferred to galactose medium to induce TDP-43 expression (Fig. 1A) and visualized by fluorescence microscopy. At early time points (3-4 h), GFP alone was diffusely distributed between the cytoplasm and nucleus (Fig. 1B Top) , but the TDP-43-GFP fusion protein localized exclusively to the nucleus (Fig. 1B  Middle) , with many cells containing 2-3 intranuclear TDP-43-GFP foci. Intriguingly, intranuclear TDP-43 aggregation is a feature of TDP-43 pathology in select FTLD-U subtypes (33) (34) (35) . We wondered whether increasing the level of TDP-43 expression might overwhelm the cell's protein quality-control mechanisms (as may well happen in affected neurons) and result in altered TDP-43 localization. Accordingly, we expressed TDP-43-GFP from a 2-m (2 ) high-copy plasmid. This profoundly altered protein localization, with the majority of TDP-43 now found in multiple cytoplasmic foci (Fig. 1B Bottom) . A similar change in localization occurred with an N-terminal GFP fusion or fusion to an unrelated red fluorescent protein DsRed Express. We also expressed untagged TDP-43 and confirmed these findings by immunocytochemistry with a TDP-43 antibody. In all cases, we observed a similar subcellular localization and aggregation pattern [supporting information (SI) Fig. S1 and data not shown]. Thus, both nuclear localization and the formation of cytoplasmic TDP-43 ''aggregates'' are modeled in the genetically tractable yeast system. We refer here and below to these TDP-43-GFP foci as aggregates, however, we note that this classification is based primarily on their morphological properties as visualized by fluorescence microscopy. In the strictest sense, protein aggregates represent protein conformational states that are defined biochemically (36). Fluorescence microscopy was used to visualize the subcellular localization of C-terminally GFP-tagged TDP-43 fusion proteins. Cells were stained with DAPI to visualize nuclei. Whereas GFP alone was distributed between the cytoplasm and nucleus (Top), one integrated copy of TDP-43-GFP strongly localized to the nucleus (Middle) with the occasional formation of intranuclear foci. Expressing TDP-43-GFP from a 2-m (2 ) high-copy plasmid profoundly altered its localization because the majority of TDP-43 was now found in multiple cytoplasmic foci (Bottom).
TDP-43
Accumulation Is Toxic to Yeast Cells. Accruing evidence links TDP-43 aggregation to disease pathology, but whether this is cause or consequence is unclear. The pathogenic conversion of TDP-43 from a normal to a disease-associated conformation likely requires years or even decades in human cells, but the yeast model allows us to monitor the process in only a few hours, providing a unique opportunity to investigate the effects of TDP-43 aggregation in living cells. We performed spotting assays on galactose-containing agar plates to quantitatively assess the impact of TDP-43 accumulation on cell growth. Expressing TDP-43 or TDP-43-GFP from a 2-plasmid (conditions that result in cytoplasmic TDP-43 aggregation) led to dramatic inhibition of growth compared with cells transformed with either an empty plasmid or a plasmid expressing GFP alone ( Fig. 2A) . TDP-43 also inhibited growth of yeast cells in liquid culture (data not shown). Some TDP-43-expressing yeast cells stained positive for propidium iodide (Fig. S2) , and electron microscopy revealed an extensively deranged cellular morphology, with large swollen vacuoles, hypertrophied ER, and other features characteristic of dead and dying cells (data not shown) indicating that TDP-43 expression can cause cellular toxicity and not simply growth inhibition. Thus, the yeast system displays striking cellular toxicity associated with TDP-43 aggregation, raising the intriguing possibility that TDP-43 misfolding and aggregation might be a direct cause of neurodegeneration in human disease.
TDP-43 Inclusions Differ from Other Aggregating Proteins.
These studies indicate that TDP-43 can be added to the list of human protein-misfolding disease proteins whose overexpression in yeast cells results in intracellular aggregation and toxicity (32) . We sought to determine which aspects of the yeast TDP-43 model were similar to and which different from other aggregating disease proteins. Expression of a fragment of the huntingtin (htt) protein harboring pathogenic polyglutamine (polyQ) expansions results in Q-length dependent aggregation and cellular toxicity (26) (27) (28) (29) (Fig. 3 A and  B) . Both polyQ aggregation and toxicity depend on the presence of the yeast prion [RNQ ϩ ] (a self-perpetuating amyloid conformation of the Rnq1 protein, which is rich in glutamine and asparagine residues) and the protein-remodeling factor Hsp104 (28, 29) . We tested the dependence of TDP-43 aggregation and toxicity on [RNQ ϩ ] and Hsp104. Whereas deletion of Hsp104 or Rnq1 (which perforce eliminates the [RNQ ϩ ] prion) prevented aggregation and toxicity of htt103Q (Fig. 3 E and G and data not shown), these manipulations had no effect on either the localization or the toxicity of TDP-43 (Fig. 3 F and G and data not shown) .
We compared the biophysical properties of TDP-43 aggregates to those of polyQ aggregates. Although both appeared similar by fluorescence microscopy ( Fig. 3 B and C) , their behavior in a filter retardation assay was strikingly different (Fig. 3H) . Htt103Q formed SDS-insoluble aggregates that are unable to pass through a 0.2-m cellulose acetate membrane, whereas TDP-43 aggregates passed freely through the membrane. We also performed a sedimentation assay by differential centrifugation and found that, unlike htt103Q, which completely partitioned into the pellet fraction, TDP-43 remained almost entirely in the soluble supernatant fraction (Fig. S3) . Thus, although both TDP-43 and polyQ are toxic, the nature of the aggregating species is very different. ImmunoEM indicated that the protein was localized to foci in the cytoplasm but not to any recognizable cellular feature, suggesting that it is not being sequestered into a membrane-bounded functional compartment or organelle. Some label also appeared in the vacuole, a site where misfolded proteins and protein aggregates are often degraded.
Expressing human neurodegenerative-disease proteins ␣-synuclein (25), polyglutamine (29) , and now TDP-43 in yeast cells results in cellular toxicity. Genetic screens have been used to discover modifiers of toxicity associated with ␣-synuclein and polyglutamine (24, 37) . We found that of 71 genes that modified ␣-synuclein toxicity (A.D.G. and S.L., unpublished work) and 48 Serial dilutions of transformants were spotted on glucose-or galactosecontaining agar plates, and growth was assessed after 2 days. Whereas the transformants grew equally well on the control glucose plates, TDP-43 expression profoundly affected growth. genes that modified polyglutamine toxicity when overexpressed (K. Matlack and S.L., unpublished work), only two polyglutamine modifiers and one ␣-synuclein modifier also mitigated TDP-43 toxicity (A. Elden, X. Chen, and A.D.G., unpublished observations). This indicates that the toxicity of these proteins is unique to their specific biology and is not simply due to a general effect of aggregated misfolded proteins.
TDP-43
Aggregates Are Not Amyloid-Like in Yeast Cells. A unifying characteristic of many neurodegenerative-disease proteins is their ability to readily form amyloid-like fibrillar aggregates (38, 39) . Some amyloid or amyloid-like protein aggregates can be visualized by semidenaturing detergent-agarose gel electrophoresis (SDD-AGE) (40) . We compared the amyloid-forming ability of Rnq1, the protein determinant of the yeast prion [RNQ ϩ ], to that of TDP-43. Whereas Rnq1 formed SDSresistant high-molecular-mass amyloid-like material, we were unable to detect similar formations by TDP-43 (Fig. 3I) . TDP-43-YFP inclusions also did not stain positive for the amyloidbinding dye thioflavin T (Fig. S4) . These results are concordant with data showing that, unlike other neurodegenerative diseases (e.g., Alzheimer's, Huntington's, Parkinson's) pathologic inclusions containing TDP-43 are not detected by using the amyloidbinding dyes thioflavin T or Congo red (33) . Moreover, analysis by electron microscopy did not reveal visible aggregates similar to those formed by the NM portion of the yeast Sup35 prion nor vesicular clusters similar to those formed by the Parkinson's disease protein ␣-synuclein (ref. 41 and data not shown). Although additional, more sensitive assays are required to definitively exclude amyloid formation, it seems that, similar to human disease, yeast TDP-43 accumulations are non-amyloid-like protein aggregates.
Dissecting Molecular Determinants of TDP-43 Aggregation and Tox-
icity. An understanding of the sequence determinants within TDP-43 that govern its nuclear localization and eventual cytoplasmic aggregation will aid the development of therapeutic strategies. The yeast system is well suited for providing a mechanistic framework that can then be validated in mammalian cells and eventually neurons (24) . TDP-43 contains two RNA-recognition motifs (RRM1 and RRM2) and a glycine-rich region within the Cterminal region. To determine which regions within TDP-43 are necessary and sufficient for nuclear localization, aggregation, and/or toxicity we generated a panel of TDP-43 truncations starting with the 2-plasmid, which produces toxic levels of the full-length protein (Fig. 4A) . We expressed each of the truncated TDP-43 constructs as GFP fusions and determined their subcellular localization by fluorescence microscopy (Fig. 4B) and their effect on cell growth by spotting assays (Fig. 4C) . By immunoblotting with either GFP-or TDP-43-specfic antibodies, all of the fusion proteins were expressed at comparable levels ( Fig. S5 and data not shown) .
Compared with full-length TDP-43, which formed multiple cytoplasmic aggregates, deleting the C terminus had a dramatic effect, resulting in an entirely nuclear localized protein (Fig. 4B, Cterminal deletion, construct d) . Subdeletions of the remaining N-terminal region, containing as few as the first 104 residues, which contains a weak predicted nuclear localization sequence (NLS), were also localized to the nucleus. Moreover, a construct containing both RRMs but lacking the predicted NLS was diffusely distributed in the cytoplasm (Fig. 4B, N-and C-terminal deletion, construct e) . Most of the C-terminal region was required for aggregation; addition of only a portion of the glycine-rich region immediately after RRM2 caused TDP-43 to now be distributed between both the nucleus and cytoplasm, but not aggregate (Fig. 4B , compare constructs k and l). Thus, sequences within the N-terminal portion of TDP-43 are necessary to direct nuclear localization, whereas the C-terminal region is required for cytoplasmic aggregation.
Having established that the C-terminal region is necessary for aggregate formation, we asked whether it was also sufficient. Surprisingly, a construct containing only the C-terminal portion was almost entirely diffusely localized within the cytoplasm, with occasional small cytoplasmic puncta (Fig. 4B , C-terminal region alone, construct j). Proteins containing larger fragments of RRM2 increased aggregate formation (Fig. 4B , compare constructs g-j); a construct containing the entire RRM2 along with the C-terminal region completely recapitulated the cytoplasmic aggregation pattern of full-length TDP-43 (Fig. 4B, compare constructs a and g) . Thus, the TDP-43 C-terminal region alone is not sufficient for aggregation but, rather, requires an intact RRM for robust cytoplasmic foci formation. We performed spotting assays to determine which of the TDP-43 truncation constructs retained toxic potential (Fig. 4C) . In addition to being required for aggregate formation, the C-terminal region was also necessary for cellular toxicity (Fig.  4C, compare constructs a and d) . The C-terminal region, however, was not sufficient for toxicity. Rather, the entire RRM2 domain was also needed (Fig. 4C, compare constructs g-j) . Nuclear localization was not required for toxicity, because construct f (lacks NLS) formed cytoplasmic aggregates (Fig. 4B ) and was toxic (Fig. 4C) . Aggregation per se was not sufficient for toxicity because construct h was not toxic, despite significant aggregation. Taken together, these data indicate that the RNA recognition motif and C-terminal region are together required for TDP-43 to form toxic aggregates. Thus, we have defined the sequence requirements for TDP-43 aggregation and cellular toxicity in vivo. It is noteworthy that the particular toxic fragment we have defined (construct g) is nearly a perfect match to one of the recently reported caspase-dependent cleavage fragments of TDP-43 (42), thus providing a mechanistic link between the presence of aggregating TDP-43 cleavage products and cellular pathology.
Discussion
We have established a yeast model to investigate the mechanisms underpinning the conversion of TDP-43 to a toxic species. As in human neurons (17) , TDP-43 was nuclear localized in yeast cells but, upon increased expression, formed multiple cytoplasmic inclusions. TDP-43 inclusions lacked amyloid and had properties distinct from polyglutamine aggregates. Our data also link TDP-43 aggregation to cellular toxicity, suggesting a potential causal role for TDP-43 in disease pathogenesis.
What is the mechanism of TDP-43 cellular toxicity? The answer to this question will be vital for devising effective therapeutic strategies. Toxicity might be caused by aggregating TDP-43 being sequestered away from its proposed normal function (for example in regulating transcription, splicing, and mRNA stability). Yeast cells do not have a true TDP-43 homolog, although they do contain RNA-binding proteins with similar domain architectures (A.D.G. and B.S.J., unpublished observations) and TDP-43 might coaggregate and sequester these proteins away from their essential role. Alternatively, the TDP-43 aggregates might have a toxic gain-offunction independent of TDP-43's normal cellular role. If the first scenario were correct, designing therapies aimed at targeting TDP-43 for elimination would not be warranted. However, if the C-terminal TDP-43 fragments themselves were toxic, such an approach might be efficacious. Our in vivo structure/function analyses revealed that only aggregating forms of the protein were toxic, suggesting that TDP-43 causes a toxic gain-of-function phenotype because of protein misfolding. However, aggregation per se is not sufficient for toxicity; it was the addition of an intact RRM that conferred the full toxic potential. Thus, we propose that TDP-43 cellular toxicity, and perhaps TDP-43 pathophysiology, is intimately associated with a function that depends on the RRM and is not simply attributable to general cellular stress associated with accumulating misfolded proteins.
Zhang and colleagues (42) recently described a caspasedependent pathway leading to the proteolytic cleavage of TDP-43, resulting in the C-terminal fragments observed in the TDP-43 pathologic ''signature.'' Remarkably, the minimum toxic fragment in yeast is very similar to one of these caspase-cleavage products. Mutations in the secreted factor progranulin have been linked to familial forms of FTD (43, 44) , and recent evidence suggests that reduced progranulin function might lead to increased caspasedependant TDP-43 cleavage (42). Our work showing that these C-terminal fragments are toxic to cells provides a potential link among progranulin dysfunction, TDP-43 cleavage, and cellular degeneration.
During the course of our work, two groups reported the identification of mutations in TDP-43 in familial and sporadic ALS (45, 46) , clearly establishing a direct link between TDP-43 and neurodegeneration. Now that TDP-43 has risen in prominence as a neurodegenerative-disease protein (33) , intense efforts will be focused on understanding its biology. Because we are able to recapitulate many features of TDP-43 pathology in the genetically tractable yeast model system, including cellular toxicity, genome-wide screens for modifiers of aggregation and toxicity will likely be powerful as one approach in the quest for effective diagnostic and treatment paradigms. Indeed, similar approaches using yeast models of Parkinson's and Huntington's diseases have been fruitful (24, 37, 47) . Moreover, the yeast model is a potential platform for preclinical drug discovery aimed at defining molecules that can antagonize TDP-43 aggregation and/or restore disrupted cellular pathways.
Materials and Methods
Yeast Strains, Media, and Plasmids. Strain and plasmid construction is detailed in SI Materials and Methods.
Yeast Transformation and Spotting Assays. Yeast procedures were performed according to standard protocols (48) . We used the PEG/lithium acetate method to transform yeast with plasmid DNA (49) . For spotting assays, yeast cells were grown overnight at 30°C in liquid media containing raffinose (SRaf/-Ura) until they reached log or midlog phase. Cultures were then normalized for OD600, serially diluted, and spotted onto synthetic solid media containing glucose or galactose lacking uracil and were grown at 30°C for 2-3 days.
SDD-AGE. SDD-AGE is detailed in SI Materials and Methods.
Immunoblotting. Immunoblotting protocols and antibodies are described in SI Materials and Methods.
Filter Retardation and Sedimentation Assays. Filter retardation using cellulose acetate membranes and sedimentation assays were performed as described (50) to visualize nuclei and processed for microscopy. Images were obtained by using an Olympus IX70 inverted microscope microscope and a Photometrics CoolSnap HQ 12-bit CCD camera. Z-stacks of several fields were collected for each strain. The images were deblurred using a nearest neighbor algorithm in the Deltavision Softworx software and representative cells were chosen for figures. 'high'' expression, survivorship was determined at the indicated time points by harvesting 1 OD 600 nm, diluting 1:1,000 and 300 l of these cells were plated on synthetic media containing 2% glucose (represses TDP-43 expression) and incubated at 30°C. Colony-forming units were then determined. (B) TDP-43-GFP expression was induced for 8 h, and cells were stained with propidium iodide (PI) to assess viability. Twenty percent to 30% of TDP-43-GFP-expressing cells were PIϩ.
Fig. S3.
Sedimentation analysis. After centrifugation, supernatant and pellet fractions were analyzed by SDS/4 -12% PAGE and immunoblotting with anti-GFP antibodies. Htt103Q was found entirely in the pellet fraction, whereas TDP-43 was almost entirely in the supernatant fraction with a small portion in the pellet fraction. Molecular-weight-marker protein positions are indicated and the arrow marks the top of the gel. Immunoblotting with an anti-GFP antibody and phosphoglycerate kinase 1 (PGK1, loading control) was used to compare expression levels of deletion constructs. Toxicity was not due to differences in expression levels. For example, compare constructs a, k, and l. a and k were toxic, and k was nontoxic (see Fig. 4 ), but these three constructs were expressed at equivalent levels. Construct i* was not included in Fig. 4 .
